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Summary: Several studies have found postischemic re gional accumulation of calcium to be time-dependent and coincident with the progression of ischemic cell change.
In the most vulnerable cells in the hippocampus one would therefore expect to find a primary and specific early uptake of calcium after ischemia. Autoradiograms of 45Ca and 3H-inulin distribution were investigated be fore and 1 h after 20 min ischemia in the rat hippocampus.
Two different methodological approaches were used for administration of 45Ca: (a) administration via microdi alysis probes, (b) intraventricular injection. During con trol conditions the 45Ca autoradiograms showed varia-Among the many complex reactions involved in ischemia-induced neuronal cell injury, intracellular calcium accumulation appears to be particularly cytotoxic (Hass, 1981; Siesj6, 1981; Meldrum, 1983) . A reduction of the Ca2+ content in hepatic and myocardial cells is known to reduce ischemic damage (Chien et aI. , 1977; Chien et aI. , 1979; Farber et aI. , 1981) . In a recent study, cultured cor tical cells were protected during ischemia when Ca2+ was removed from the culture medium (Choi, 1985) .
In the rat the time course of postischemic neu ronal death is well described (Brierley, 1976; Ito et aI. , 1975; Diemer and Siemkowicz, 1981; Pulsinelli et aI. , 1982) . After ischemia vulnerable cells are rapidly destroyed «24 h) whereas others require several days before cell death becomes evident. Typically, the rat hippocampus displays these two temporal types of neuronal death: The fast devel oping damage to somatostatin-positive (SS-posi tive) hilar neurones (Johansen et aI, 1987) and the tions in distribution volume in accordance with 3H-inulin determination of extracellular space size. One hour after ischemia a massive accumulation of 45Ca was found in the dentate hilus. No change in the distribution pattern of 3H-inulin could be demonstrated 1 h after ischemia. We suggest that 45Ca accumulation in dentate hilus 1 h after ischemia is a result of increased Ca 2 + uptake before irre versible cell damage occurs and is not due to passive in flux of calcium across a leaky plasma membrane. Key Words: 45Ca distribution-Ischemia-Hippocampus Dentate hilus. more slowly developing "delayed neuron death" in the CAl region (Ito et aI. , 1975; Kirino, 1982; Pul sinelli et aI. , 1982) . Several studies have shown a close temporal association between the accumula tion of calcium and progression of ischemic cell change in a number of experimental models (Chien et aI. , 1977; Hossman et aI. , 1983; Dienel, 1984) . In the most vulnerable cells in the hippocampal region (i. e. , SS-positive hilar neurons) one would there fore expect to find a selective early uptake of cal cium after ischemia.
To test this hypothesis we used two novel ap proaches: intracerebroventricular injection of 45Ca and administration via microdialysis probes di rectly implanted in the hippocampus. The 45Ca dis tribution in the hippocampus was studied before and 1 h after ischemia.
MATERIALS AND METHODS

General procedures
Twenty-five male Wistar rats weighing 320-350 g were used. Before injection of tracer or insertion of microdi alysis probes the animals were initially anesthetized with 3% halothane in a N20/02 2:1 mixture. Anesthesia was maintained with 0.75% halothane after intubation of the trachea. Polyethylene catheters were inserted in a fem oral artery for measurements of blood pressure, blood gases, pH, and plasma glucose concentration and in a fe-moralis vein for administration of fluids. Rectal tempera ture was maintained at 37°C by means of a heating lamp with thermostat.
Administration of 45Ca via microdialysis probes
Anesthetized rats were placed in a stereotaxic frame (David Kopf small animal instruments, model 900 and rat adapter 920). Two millimeter burr holes were made over the parietal cortex. Before implantation, identical in vitro recoveries of the microdialysis probes (Carnegie CMAilO 2 mm dialysis tip, width 0.62, Carnegie Medicine, Stock holm) were insured (4sCa activity in the outflow/4sCa ac tivity in outer medium). Because the probe was used for administration, acute implantation was used (Benveniste et a1. , 1987) . After insertion of the two microdialysis probes in the hippocampal CA l region, coordinates: 3.0 mm posterior to bregma, mediolateral, 2.5 mm from the midline and dorsoventral, 3.0 mm ventral from the sur face of cortex (Pellegrino et a1. , 1979) perfusion started at a rate of 2.5 /-LVmin with 100 /-LCi 4sCa/ml mock-CSF for 2 h (4SCa, Amersham, spec act: 18.8 mCilmg Ca 2 ). The pre loading phase with 45Ca was followed by a washout pe riod with mock-CSF. This procedure gave ultimate auto radiographic resolution. Four rats were killed 4 h after the start of washout and served as controls. In five an imals, ischemia was induced 2 h after the start of washout. The rats were killed 1 h after ischemia.
Intracerebroventricular injection of 45Ca and 3H-inulin
The rats were placed in a stereotaxic head holder. A cranial 2-mm burr hole was drilled over the left parietal cortex, 2 mm lateral and 0.5 mm behind bregma (Pelle grino et a1. , 1979). Five microcuries of 45Ca in 20 /-LI mock-CSF was injected over 5 min in the left lateral ven tricle using a Hamilton syringe. Two-and-a-half hours after the injection of 45Ca, four rats were subjected to 20 min of ischemia. The animals were killed 1 h postisch emically. Five animals served as controls and were killed 4 h after the intraventricular injection.
Because changes in 45Ca distribution volume after isch emia could be due to a passive influx across a leaky membrane, the distribution volume of 3H-inulin was in vestigated in rat hippocampus before and I h after isch emia: In 8 rats 50 /-LCi 3H-inulin (Amersham, spec act: 3.8 Cilmmol inulin) in 20 /-LI mock-CSF was injected in the left lateral ventricle. Four rats served as controls and were killed 4 h after the injection. In another 3 rats 20 min of ischemia was induced 2.5 h after the injection and the rats were killed 1 h after ischemia.
Cerebral ischemia
We used the following modification of the four-vessel occlusion model described by Pulsinelli and Brierley (1979) . In short, during anesthesia with 2% halothane, both vertebral arteries were electrocauterized using a monopolar Martin Elektrotom 30 (setting 4) and a cauter ization needle with a diameter of 0. 4 mm. After this pro cedure, the common carotid arteries were gently ex posed. Two minutes before induction of ischemia, the halothane was switched off. Ischemia was induced by clamping the carotid arteries for 20 min. Halothane (0.75%) anesthesia was resumed immediately after isch emia.
Autoradiography
After conclusion of the experiment the brain was quickly removed and frozen in isopentane cooled to -50°C with a mixture of acetone and solid CO 2 , Twenty micron serial sections were cut on a Leitz 1720 cryostat.
To gether with calibrated l 4C-methylmethacrylate stan dards the sections with 45Ca exposed an X-ray film (Kodak, MIN-R film) for 8 days. Brain sections with 3H_ inulin exposed an ultrafilm (LKB 2208-190) 
RESULTS
Clinical and physiological observations
The general physiologic parameters are summa rized in Ta ble 1. Blood gases and acid base status of the blood did not differ significantly between con trol and ischemic rats. The initial response to isch emia was similar in all animals: The eye back ground changed immediately from red to gray and the pupils dilated I min later. The eye background returned to normal color immediately after recircu lation and the pupils contracted 2-3 min later. 45Ca autoradiograms Control rats. Autoradiograms produced from ad ministration via microdialysis probes were different from those produced from intraventricular injec tions: First, only cortex, hippocampus, and the upper part of thalamus were exposed to 45Ca when given via microdialysis probes (compare Fig. la with Fig. Ie) . Second, autoradiograms produced from microdialysis probes had a higher resolution compared with autoradiograms produced from in traventricular injections. 45Ca was distributed une qually among the brain regions. Gray matter con tained more 45Ca than white. Within hippocampus FIG. 1. Regional accumulation of 45Ca in control (a, c and e) and postischemic (b, d and f) rat brain. Rats were subjected to 20 min of ischemia and were killed 1 h after removal of the carotid cuffs (see Materials and Methods). Representative autoradio graphs show coronal sections at the level of the dorsal hippocampus. In (a) and (b) (c and d are the same autoradiograms shown in a higher magnitude) 45Ca was administered via microdialysis probes implanted in the CA1 hippocampal region. In (d) the positions of the probes are indicated by arrows. Only cortex, hippocampus, and the upper part of thalamus were exposed to 45Ca when given via microdialysis probes [compare (a) and (b) with (e) and (f»). In (e) and (f), 45Ca was administered via the left lateral ventricle. In (c), which shows 45Ca distribution in hippocampus during control conditions, the pyramidal cell layer (p), granular layer (g), molecular layer (m) and the dentate hilus (h) can easily be distinguished. One hour after ischemia (b, d and f) the 45Ca content in the dentate hilus increased by 30%. In 9 the distribution pattern of 3H-inulin is shown. No change in 3H-inulin distribution could be demonstrated postischemically (h). the 45Ca distribution pattern in the pyramidal cell layer, stratum oriens, granular cell layer, and den tate hilus were identified from the corresponding hematoxylin and eosin-stained brain section. The content of 45Ca was lower in the pyramidal cell and granular layer when compared with stratum oriens, which coincided with a dark 45Ca distribution line ( Fig. 1c and e ). No increased accumulation of 45Ca was found in hilus of the dentate during control conditions (Fig. la, c, e, and Fig. 2 ). Results are given as 45Ca content (nCi/g) in stratum moleculare, stratum granulare, and dentate hilus. Fig. 2 shows the 45Ca content during control conditions and 1 h after ischemia. Before ischemia the highest 45Ca content was found in the stratum moleculare and the lowest in stratum granulare. No differences were found between the right and left hemispheres. 45Ca content (nCi/g) in the statum moleculare, stratum granulare, and the dentate hilus during control con ditions (hatched bars) and 1 h after ischemia (black bars). In four control rats the highest 45Ca content was found in the stratum moleculare and the lowest in stratum granulare. In five rats a 30% increase in 45Ca content was found in the dentate hilus 1 h after ischemia. In contrast, the 45Ca content in the stratum moleculare decreased 20% postischemically. Data are average ± SO. Statistically significant differences from control values are indicated as **p < 0.01 . 45Ca content from autoradiograms produced from intraventricular injections was not measured. Ischemic rats: After 1 h of recirculation, the con tent of 45Ca changed in the hippocampus. A 30% increase in the 45Ca content was found in the isch emic hilus when compared with control values (Fig.  2) . In contrast, the 45Ca content in the stratum mo leculare decreased 20% 1 h after ischemia when compared with control values. No change was found in stratum granulare at this time point. The accumulation in the dentate hilus was seen in both types of autoradiograms ( Fig. 1b, d, and 0 . Again, no difference between left and right hemisphere could be demonstrated.
The autoradiograms showing distribution after intraventricular injections were produced to assure independence between the postischemic 45Ca accu mulation in the dentate hilus and the implanted mi crodialysis probes. Inasmuch as the injections were given in the left lateral ventricle, no attempt to compare right and left 45Ca content was done.
3H-inulin autoradiograms
Control and ischemic rats. 3H-inulin was distrib uted unequally among the brain regions: Gray matter contained more than white did. Subregions in the hippocampus could be distinguished ( Fig. Ig  and h) . The 3H-inulin content (nCi/g) did not change in stratum moleculare, the dentate hilus, or stratum granulare 1 h after ischemia when compared with control values.
DISCUSSION
During control conditions the distribution pattern of 45Ca in hippocampus corresponds to that of 3H inulin , representing extracellular space size. How ever, the distribution pattern may also reflect the fact that pyramidal cells in hippocampus have strong calcium conductances, with a higher cal cium-channel density in the cell dendrites thflu in the soma (Wong and Prince, 1978; Wong et aI. , 1979) . Microdialysis application of 45Ca produced high-resolution autoradiograms that gave us a unique opportunity to distinguish the 45Ca distribu tion pattern in the hippocampal subregions. The positions of the two microdialysis probes in the CAl regions were easily identified on the autoradio grams. A 200-250-/J-m tissue cylinder with in creased 45Ca content surrounded this position ( Fig.  1c and d) . The increase could indicate mechanical trauma of brain tissue in the vicinity of the implant. Local disturbances of cerebral glucose metabolism and blood flow immediately after implantation of the microdialysis probe are known to occur (Ben veniste et al. , 1987) . In a recent article on 45Ca au toradiography in the rat hippocampus, a similar distribution pattern was found, although the resolu tion was less and therefore the identification of hip pocampal subregions was difficult (Dienel, 1984) . Most likely this was due to the administration pro cedure of 45Ca combined with perfusion fixation before tissue freezing. In particular the latter may produce less autoradiographic resolution as a con sequence of 45Ca diffusion.
One hour after ischemia, a 30% increase of 45Ca content was found in the dentate hilus. Because no accumulation of 45Ca was found in control autora diograms the phenomenon cannot be related to the implantation trauma. No other study has demon strated this specific and early postischemic calcium accumulation in the dentate hilus. Dienel found early (1 h) accumulation of 45Ca in cortex and cau date after ischemia but not in the dentate hilus. In another study on postischemic calcium accumula tion using the oxalate/pyroantimonate method of Borgers et ai. (1977 Borgers et ai. ( , 1981 an increase in calcium was found both in the CAl region and in the dentate hilus 2 h after ischemia (Simon et aI. , 1984) . How ever, the accumulation was not visible in all neu rons in the vulnerable structures and was not ex cessive.
From the study by Dienel we know that struc tures vulnerable to 30 min of ischemia accumulate calcium for days, and the rate of influx of 45Ca de pends on the survival time. However, the study also showed that accumulation of 45Ca in the cau date putamen persisted for at least 2 days after striatal morphological damage had peaked (Dienel, 1984) . Accordingly the 45Ca accumulation may rep resent both detrimental calcium-mediated pro cesses that are activated before irreversible cell damage occurs or may be a "postmortem" event due to ruptured membranes.
Calcium entry into neurons is a normal event during neurotransmission where Ca2+ ions are se questered by the endoplasmic reticulum and mito chondria. However, excessive cytosolic accumula tion of calcium involves release and accumulation of free fatty acids causing degradation of mitochon drial, endoplasmatic, and plasma membranes (Hass, 1981; Siesj6, 1981; Raichle, 1983) . Because no change in the distribution pattern of 3H-inulin could be demonstrated 1 h after ischemia we sug gest that the membrane permeability to inulin was unchanged and also that the extracellular space size was unchanged. We assume, therefore, that the 45Ca accumulation seen in the dentate hilus is intra cellular. This assumption is further supported by the fact that the accumulation can be prevented by preischemic administration of Mg2+ (vide infra).
In control brain tissue, calcium deposits are prominent in synaptic vesicles and in neuronal and astrocytic nuclei, and sometimes free within astro cytic cytoplasm (Griffiths et aI. , 1983) ; therefore, astrocytes as well as neurons could accumulate cal cium postischemically. Nevertheless, no postisch emic increase of intracellular calcium in hippo campal astrocytes was mentioned (Simon et al. , 1984) .
It is most likely that the early 45Ca accumulation represents an increased turnover rate of calcium before irreversible cell damage occurs and not a passive influx of calcium across a leaky plasma membrane. Increased membrane permeability to inulin has been shown postischemically but takes place several hours after the ischemic insult (Ames III and Nesbett, 1983) . Increased permeability of postsynaptic membranes to horseradish peroxidase has been demonstrated in the early postischemic period (Diemer and von Lubitz, 1983) . However, only 10% of the apical dendrites in the CAl region (stratum radiatum) demonstrated increased perme ability.
Enhanced neuronal activity is recorded in the CAl region 7-10 h after a 5-min episode of isch emia in the gerbil (Suzuki et aI. , 1983) . Large in fluxes of calcium ions accompany burst-firing neu rons (Schwartzkroin and Wyler, 1980) . It has been suggested, therefore, that selectively vulnerable neurons are those in which Ca2+ entry is favored by neuronal depolarization or by bursting behavior during a restitution phase in hypoxia or ischemia (Meldrum, 1983) . The plasma membrane possesses special Ca2+ channels, the conductance of which are controlled by gates that are opened by critical changes in cellular polarization (voltage-operated channels) or by receptor activation (receptor-oper ated channels) (reviewed by Cavero and Spedding, 1983) . One of the three well-characterized gluta mate receptors-the NMDA receptor-is known to gate calcium ions (MacDermott et aI. , 1986) . This receptor does not appear to be involved in normal synaptic transmission and may be activated only during periods of intense synaptic activity (Collingridge et aI, 1983; Koerner and Cotman, 1982) . Postischemic burst firing may be due to acti vation of NMDA-receptors known also to be in volved in long-term-potentiation (Collingridge et aI. , 1983; Harris et aI. , 1984; Morris et aI., 1986) . Excessive release of glutamate during ischemia (Benveniste et al. , 1984) will stimulate NMDA re ceptors and contribute to the influx of calcium during ischemia. NMDA receptor density or af-finity may be raised postischemically, thus ex plaining increased Ca2+ conductances.
The dentate hilus is the first hippocampal region in which neuronal necrosis can be seen after isch emia (Kirino, 1982; Johansen et aI. , 1987) . The ex treme vulnerability of these neurones could be a consequence of the abovementioned altered state of the NMDA receptor. A recent quantitative au toradiographic study has reported a change in re ceptor density in dentate hilus after ischemia (Bodsch et aI. , unpublished data, 1988) . This change in receptor density could explain the in creased 45Ca uptake in the dentate hilus. In a recent autoradiographic study on calcium-channel antago nist receptor localization in rat brain, the highest levels of 3H-nitrendipine binding was found in the molecular layer of the dentate gyrus (Gould et aI. , 1985) . The stratum lacunosum-moleculare and the stratum radiatum of the hippocampus also exhib ited high levels of binding, but the dentate hilus did not show any specific binding. These results further emphasize that the postischemic 45Ca accumulation in dentate hilus is not due to Ca2+ entry via voltage-dependent calcium channels.
The decrease in 45Ca content 1 h after ischemia in stratum moleculare is more obscure. One explana tion could be a redistribution of 45Ca from stratum moleculare to dentate hilus after ischemia.
The significance of the inhibition of postichemic 45Ca accumulation-possible protection of hilar neurons-is not yet clarified. No one has to our knowledge been able to prove what constitutes the point of no return in ischemic cell injury. The dem onstration of elevated levels of calcium in cells or tissues in ischemic organs does not, by itself, prove that ischemic cell injury is mediated by an increase in the cytosolic free calcium concentration (Hossman et aI. , 1985) .
Inhibition of the 45Ca accumulation in dentate hilus by NMDA antagonists is possible (Benven iste, unpublished date). These results, together with possible morphological evidence of protection of SS-positive hilar neurons after administration of NMDA antagonists, will evaluate the significance of the phenomenon.
